ABSTRACT In this paper, we study the queue performance for energy-harvesting cognitive radio sensor networks (EHCRSNs) where the cooperation between the primary user and the sensor is applied. In EHCRSNs, energy harvesting provides a continual energy source for the power-limited sensor, while cognitive radio enables the sensor access the licensed spectrum, which can mitigate the spectrum-scarcity problem of the wireless sensor network. First, with the help of queue theory, we study the queue performance of the EHCRSN and the primary user when the sensor does not assist the service of the primary user. Through analyzing the dynamic energy harvesting and consuming process, we obtain the effect of energy harvesting on the queue performance of the EHCRSN. Then, we further analyze the queue performance when the cooperation between the sensor and the primary user is adopted. Through comparing the result, we observe the effect of energy harvesting on both the performance of the sensor and the primary user and find out the condition under which the cooperation can improve the system performance. The numerical results in different situations further demonstrate the relation between the queue performance and the energy harvesting rate and verify the analysis and the conclusion that the cooperation can improve queue performance under certain conditions. These results are very meaningful for the quality-of-service guarantee in EHCRSNs.
I. INTRODUCTION
The wireless sensor network (WSN), which is often used to collect data for a wide range of applications, becomes a fundamental technology for Big Data [1] and the Internet of Things (IoTs) [2] . Due to constraints of cost and device size, the battery of the sensor often has limited capacity, which results in energy scarcity in the WSN. Hence, how manage limited energy carefully to extend the network lifetime is a crucial problem in the traditional WSN. Available researches have improved the network lifetime effectively, but the lifetime of the network is still bounded due to finite energy supply. To address energy scarcity problem effectively, energy harvesting (EH) technology is adopted by the WSN. By exploiting the EH technology, the sensor can harvest energy from renewable energy sources, such as solar, thermal, wind, and electromagnetic energy. The WSN has continual energy supply. In other words, the energy scarcity problem of the WSN could be solved by using the EH technology, and the sustainability of the network is achieved [3] .
Typical WSNs operate on the unlicensed industrial, scientific, and Medical (ISM) band, which has become increasingly crowed due to the massive growth of wireless communication. The increasing crowed ISM band brings severe interference to the data transmission of the WSN, and the spectrum scarcity problem becomes a main limitation of the WSN application. The cognitive radio (CR) technology makes the unlicensed user who uses ISM band opportunistically sense and exploit licensed spectrum. That is, the CR technology can increase transmission opportunity of the unlicensed user and improve the utilization of the licensed spectrum. By using the CR technology, the WSN can solve the spectrum scarcity problem and improve the qualityof-service (QoS) performance [4] .
The integration of EH and CR into WSNs can mitigate both energy and spectrum constraints simultaneously, and such networks are referred to as energy harvesting cognitive radio sensor networks (EHCRSNs) [5] , [6] . In EHCRSNs, sensors use the EH technology to obtain energy continuously and work as secondary users to access the licensed spectrum. There are many application scenarios of EHCRSNs, such as smart grid [7] and health monitoring [8] .
Although EHCRSNs are spectrum and energy efficient, they face several new challenges comparing with the traditional WSN [9] . First, the energy harvesting process is stochastic and dynamic, which makes balancing energy consumption and energy replenishment challenging. When the energy consuming rate slower or faster than the energy harvesting rate, the energy is underutilization or sensor is failure, respectively [10] . Second, the spectrum utilization by sensors in EHCRSNs has to adapt to the dynamic activity of primary users (PUs), which means not only state of PUs but also the duration of each state. For example, the spectrum occupation of cellular users is in the range of seconds or minutes [11] . When sensors transmit over the channels licensed to cellular users, sensors may have to frequently disrupt their transmissions and switch to a vacant spectrum to avoid collisions with cellular users. Third, the energy harvesting of sensors may occupy idle channel provided by the CR, and the spectrum sensing and channel switch of the CR will consume extra energy collected by the EH. Hence, under these highly correlated stochastic and dynamic conditions, jointly managing energy and spectrum resource for EHCRSNs becomes a challenging task.
Recently, the EHCRSN has been widely studied [5] , [6] , [12] - [20] . Some of them focus on the resource management to improve network utility. Ren et al. [5] designed a joint channel access and sampling rate control scheme to maximize the network utility. Different from [5] , Zhang et al. [6] proposed an online resource management algorithm, which contains battery management, sampling rate control, and channel allocation, to maximize the aggregate network utility while guarantee the requirement of the licensed subscriber and balance the energy consumption. The network utility was also optimized by an online algorithm which manages available energy and unoccupied licensed spectrum in [12] . Despite optimizing network utility, some researchers work on the throughput of the EHCRSN. In [13] , a spectrum access scheme was proposed to maximize the service rate of the sensor and optimize the end-to-end throughput of the multi-hop EHCRSN in [14] . Under the assumption that the sensor cannot work as energy collector and data sender simultaneously, the optimal mode selection policy was proposed in [15] to maximize an expected total throughput of the system. Outage probability is another key metric of network performance, which has been widely studied in EHCRSNs. In [21] , the outage probabilities of the primary user and the sensor were analyzed, and the relation between the outage probability and channel parameters was also studied. The transmission outage probability of the cognitive wireless sensor network was improved by using the optimal relay selection policy designed by [16] . The outage probability of the EHCRSN was minimized in [17] . Literature [18] maximized the overall success probability of the network through allocating the transmit power for the sensor and the primary user. There are also some works on the self-sustainability of the EHCRSN. Such as the scheme proposed in [19] can effectively extend the network lifetime through selecting the optimal sensing nodes for cooperative spectrum sensing, while a joint of the spectrum sensor scheduling and the data sensor resource allocation designed in [20] can maintain the sustainability of the EHCRSN.
The above-mentioned literatures can effectively improve network performance metrics of the EHCRSN by digging the potential of the EH technology and the CR technology. However, there is little work on the QoS performance of the EHCRSN. In [21] , the outage probability of the system with cooperative spectrum sharing was analyzed. Other QoS performance, such as queue length and waiting time, has not been well studied in the EHCRSN. To fill this research gap, we will analyze the queue performance of both the sensor in the EHCRSN and the primary user.
The cooperation between the secondary user and the primary user is widely used in the CR system [22] . In EHCRSNs, through assisting the service of the primary user to shorten the occupation time of the licensed spectrum, the sensor can gain more transmission opportunity and improve the service quality. Furthermore, this cooperation may reduce the transmission time of primary user and increase the data transmission rate, and then the spectrum efficiency of the system is improved. However, the cooperation will consume extra energy of the sensor to help the primary user. This requires that sensor in the EHCRSN continually gather ambient energy to guarantee its own energy supply. Hence, it is important for the EHCRSN that the sensor whether can obtain more transmission chance by consuming extra energy to improve the performance. In this paper, we will study the queue performance of the EHCRSN when the cooperation is applied. There are many cooperation manners in the CR system. We consider a typical cooperation scheme where the sensor works as a relay of the primary user in this work.
In this paper, we propose an analytical method for studying queue performance of EHCRSNs. First, we consider a typical EHCRSN where the sensor just works as a secondary user. Through modeling the system by a preemptive queue system with two priorities and studying the state of the battery with a stochastic energy harvesting process, we derive expressions of average queue length and average delay of both the primary user and the sensor. Based on the analysis of the system without cooperation, we further study the queue performance of the system with cooperation and propose a two dimensional Markov chain to describe the queue state VOLUME 6, 2018 of the sensor. Through solving the Markov chain, we obtain the queue performance of the system with the cooperation. Afterwards, we further compare the results of these two different systems, and find out the condition under which the spectrum sharing should be used and the relation between the queue performance and system parameters.
The rest of this paper is organized as follows. In Section II, the system model is described. Section III analyzes the queue performance of the system without cooperation. In Section IV, the system with cooperative spectrum sharing is studied. The numerical result and the comparing of the queue performance are given in Section V. Finally, we conclude this paper in Section VI. 
II. SYSTEM MODEL
Consider a single-hop slotted EHCRSN which consists of a pair sensor nodes: ST and SR. For simplicity, the length of each slot is normalized as 1. The EHCRSN coexists with a pair of primary users, denoted by PT and PR, which have the privilege to access the licensed spectrum. As shown in Fig. 1 , links from PT to PR, from ST to SR, from PT to ST, and from ST to PR are denoted by h pp , h ss , h ps , and h sp , respectively. All of these four links are the Rayleigh fading channel and the probability distribution function (PDF) of the received signalto-noise ratio (SNR) at the receiver can be expressed as
where γ xy is the received SNR,γ xy is the average received SNR, and xy represents pp, ss, ps, or sp. The traffic arrival process of the primary user is a Poisson process with λ p . During each slot, the sensor generates a packet with probability λ s . Hence, the packet arrival intervals of the sensor obey the geometric distribution of parameter 1/λ s . All arriving packets are stored in the corresponding buffer with infinite size. The queue service discipline of each user is first-in-first-out.
At the physical layer, the transmitter adopts a certain modulation and coding scheme, thus the data rate of each channel is constant. Then, the transmission time of each packet is constant too. To simplify analysis, we assume that the transmission time of each packet is one slot. As the wireless channel is time varying, the packet transmission may be fail due to poor channel condition. In this paper, we assume that the packet transmission is fail if the received SNR is smaller than the received threshold. The received thresholds of PR, ST, and SR are γ p , γ ps , and γ s , respectively. For each transmitterreceiver pair, the probability that a packet transmission is successful can be calculated similarly. Thus, we take a random transmission pair as the example to derive the expression of the successful transmission probability, such as the pair of PT and PR.
According to the PDF of the received SNR, the successful probability β p (t) of the packet transmission at the t-th slot can be calculated as β p (t) = Pr(γ pp (t) > γ p ), where γ pp (t) is the received SNR of PR at the t-th slot. Since the packet transmission is over a Rayleigh fading channel and the Rayleigh fading channel has memoryless property, the received SNR is independent at each slot. That is, the received SNR has the same distribution at each slot, which is given in (1) . Hence, the packet transmission has the same successful probability in each slot. We omit t in the following and the successful probability β p of the packet transmission can be calculated as
The successful probabilities of other transmission pairs can be calculated similarly by using (2) . To guarantee the reliability of the packet transmission, the automatic repeat request (ARQ) is used at the data link layer. If a packet transmission fails, this packet will be retransmitted at the next available slot until the packet is successfully received by the receiver.
In this paper, we consider an EHCRSN where the CR technology and the EH technology are adopted. These two technologies will affect the queue performance of the sensor. In the following, we will introduce the operation mode of the sensor as the secondary user and the energy harvesting model used in our work.
A. OPERATION MODE
In this paper, we will compare the queue performance of system when the primary user and the sensor work in two different modes: non-cooperation and cooperation. Each mode will be illustrated in detail as follows.
1) NON-COOPERATION MODE
In non-cooperation mode, sensors in the EHCRSN work as interweave paradigm [23] . In interweave paradigm, the sensor opportunistically uses the licensed spectrum which is not occupied by the primary user. To obtain the occupation information, the sensor should sense spectrum state by using spectrum sensing technology. In this paper, we assume that the spectrum sensing result is perfect and both the time and energy consumed by the spectrum sensing are ignored. That is, there is not collision or interfering between the primary user and the sensor.
In this mode, the packet of the primary user is directly transmitted from PT to PR. If the channel between PT and PR is active, then ST cannot serve its buffered packets.
We assume that each packet transmission starts at the beginning of a slot. Hence, if a new packet of the primary user arrives during the current slot, this packet only can be served at the beginning of the next slot no matter whether the sensor is transmitting packets or not. Therefore, the service process of the sensor does not affect the service process of the primary user. From the primary user point of view, the sensor appears to be nonexistent.
2) COOPERATION MODE
In cooperation mode, the sensor helps packet transmission of the primary user to get more transmission opportunity. The sensor still works in the interweave paradigm. As shown in Fig. 1 , PT first sends packets to ST, then if ST has enough energy and the buffer of PT is empty, ST transmits packets which come from PT to PR. All packets from PT are sent to PR, then ST starts to serve its own generated packets.
In this mode, the packet service of the primary user can be divided into two stages: from PT to ST and from ST to PR. As the primary user has the higher priority, the performance of the second stage relays on the service process of the first stage. Moreover, the performance of the second stage is also influenced by the channel condition between ST and PR and the energy harvesting process of the sensor. Therefore, the cooperation makes the packet service processes correlate with each other and the correlation is very complicated.
B. ENERGY HARVESTING PROCESS
We assume that the sensor in the EHCRSN can transmit packets and collect energy simultaneously. In each slot, the sensor harvests energy from the ambient sources, such as wind, solar, electromagnetic wave. We assume that the energy harvesting process is a stationary random process, and the amount of collecting energy in different slots are independent identically distributed (i.i.d.) exponential random variables. As the transmitter adopts a fixed modulation and coding scheme, the energy consumed by a packet transmission is constant. Hence, in this paper, the unit of the harvesting energy is the packet and the energy packet is defined as the amount of energy which is enough to transmit a packet. As amounts of collecting energy in each slot is an i.i.d. exponential random variable, the energy harvesting process is a Bernoulli process with p e . To simplify the analysis, we assume that the capacity of the battery storing the collected energy is infinite.
III. NON-COOPERATION MODE
In this section, we consider there is no cooperation between the primary user and the sensor. When the primary user has packets, it transmits on the spectrum, and the sensor should leave the spectrum immediately. Hence, the primary user has higher priority, and the service rule of the primary user and the sensor is the preemptive resume priority discipline with two priorities. Since the service of the higherpriority user will not be influenced by the lower-priority user, the queue performance of the primary user can be analyzed independently.
The packet arrival process is a Poisson process with rate λ p , and the primary user can be represented by an M/G/1 queueing system. According to the Pollaczek-Khinchin (P-K) formula, the average queue length is expressed as
where As the channel between PT and PR is a Rayleigh fading channel, the successful transmission probability is independent in different slots. Moreover, the packet unsuccessfully received will be retransmitted in the next slot. Hence, the packet service time X PT −N obeys a geometric distribution. The successful transmission probability has been given in (2) , and the average packet service time E[X PT −N ] can be calculated as
Similarly, the second moment of
According to Little theory, the average delay T PT −N of the primary user's packets can be calculated as
As the sensor has lower priority, the average delay T ST −N of the sensor's packets contains three parts: the average service time E[X ST −N ], the average time E[R] required to serve packets which have been in the system when a new packet of the sensor arrives, and the average waiting time for packets of the primary user which arrive during serving the packet of the sensor. As the packet arrival process of the primary user is a Poisson process with rate λ p and the average packet service time of the primary user is
Similar to the derivation of the residual time of the M/G/1 system [24] , the second part E[R] can be calculated as
where
Therefore, the average delay T ST −N is derived as
By substituting (7) into (8), T ST −N can be further written as
Similarly, by using T ST −N , the average queue length of the sensor can be obtained, which is
From (9) and (10) For the sensor, the packet transmission starts when two conditions are satisfied. One is that the buffer of the primary user is empty. The expressions of T ST −N and N ST −N in (9) and (10), respectively, have considered the effect of this condition. The other is there is enough energy for transmitting a packet. If the sensor does not have enough energy in the battery, it cannot transmit packets. Hence, the packet service time is related to the state of the battery, especially, the probability of the nonempty battery. To obtain the probability that the battery of the sensor is nonempty, we will analyze the energy harvesting and consuming process of the sensor.
As the energy harvesting process is a Bernoulli process with p e , the battery can be described by a one-dimensional Markov chain. State S(t) of the corresponding Markov chain is the number of energy packets in the battery at the t-th slot. The transition diagram of the Markov chain is shown in Fig. 2 . As the service time of the primary user obeys a geometric distribution and the packet arrival process of the sensor is a Bernoulli process, the energy consuming process of the sensor is a Bernoulli process. Furthermore, the energy arrival process is also a Bernoulli process, hence the Markov chain constructed by S(t) is a stationary Markov chain and the transmission probability Pr(S(t + 1) = j|S(t) = i) can be abbreviated as P ij . The calculation of the transition probability P ij can be divided into two cases: i = 0 and i = 0 .
Firstly, we consider the case with i = 0, which means the battery of the sensor is empty. There are two possible states in the next slot: S = 1 or S = 0. Since the battery is empty, the sensor cannot transmit packets due to energy shortage, and then the consumed energy of the current slot is 0. According to energy harvesting process and energy consuming process, if one energy packet is collected, then S = 1; otherwise S = 0. Hence, the transition probabilities in this case can be calculated as P 01 = p e and P 00 = 1 − p e .
When i = 0, there are three possible states in the next slot:
If there is one packet be transmitted and no energy packets be collected, then S = i−1. Similarly, If there is no packet be transmitted and an energy packet be collected, then S = i + 1. Otherwise, the next state is S = i. Thus, the transition probability of this case is
, and
where p t is the probability that the sensor transmits the packet in a random slot. If the spectrum is occupied by the primary user or the buffer of the sensor is empty, the sensor does not transmit. Thus, p t can be expressed as
where P 0 is the probability that the battery is empty. We assume that the battery can achieve steady state, otherwise P 0 = 0 and the system can be simplified as the sensor always has enough energy. Let P i denote the probability that there are i energy packets in the battery. According to Markov theory, if the system achieves the steady state, the probability from state 1 to state 2 equals to the probability from state 2 to state 1. Hence, P i and P ij satisfy
Through solving equations in (14) , the steady-state probability P i can be derived as
where ρ e = p e (1−p t ) p t (1−p e ) . By substituting (13) into (15), P 0 is calculated, and the probability of the nonempty battery expressed as 1 − P 0 is obtained.
Based on P 0 , we derive expressions of E[X 2 ST −N ] and E[X ST −N ]. For the sensor, one successful transmission requires two conditions: there is enough energy and the received SNR is larger than the SNR threshold. According to (2) , the probability that the received SNR is larger than the SNR threshold can be calculated as β s = Pr(γ ss > γ s ) = exp(−γ s /γ ss ). As the ARQ is adopted, if the packet is not received by SR successfully, it will be retransmitted until it is received successfully. If the first transmission of a packet is successful, the packet service time is one slot. As the effect of the primary user has been considered, when the received SNR is larger than threshold and there is enough energy in the battery, the packet transmission is successful. Hence, the probability that the packet service time equals to one slot is β s (1−P 0 ) . Similarly, the probability that the packet service time of the sensor is i slots is calculated as q i , which is given in Table 1 . (9) and (10), the queue performance of the sensor is obtained.
IV. COOPERATION MODE
In this section, the sensor works as a relay of the primary user to earn more transmission chances. Due to energy constraint and the criterion of opportunistic spectrum access, the sensor cannot transmit the received packet of the primary user immediately if it does not have enough energy or the primary user continues transmitting. To differentiate packets from different sources, packets received from the primary user and generated by the sensor are stored in different queues. Two queues in the ST are denoted by ST 1 and ST 2, which are used to store packets from the PT and packets generated by the sensor, respectively. Hence, in the cooperative system, there are three packet queues, and the relation among three queues is shown in Fig. 3 . Firstly, we analyze the queue in the primary user, which is denoted by PT queue. When the system works in cooperation mode, the primary transmitter still has higher priority. That is, if the buffer of PT is nonempty, it will transmit buffered packets at the beginning of a slot, no matter the ST serves ST 1 or ST 2. Hence, the queue of the primary user and queues of the sensor construct a preemptive resume queue system with two priority users. As PT has higher priority, the performance of the PT queue in cooperation mode can be analyzed similarly as the queue performance of the primary user in non-cooperation mode.
Referring to (3) and (6), the average queue length N PT −Cp of PT queue and the average delay T PT −Cp of packets in PT queue can be obtained as
where β ps is the successful probability of packet transmission from PT to ST. According to (2) , β ps can be calculated as β ps = exp(−γ ps /γ ps ). Based on the analysis of PT queue, we will analyze two queues in the ST as follows. As shown in Fig. 3 , the packet departure process of PT queue is the packet arrival process of ST 1. From the analysis of queue performance of the primary user in Section III, the packet service process of the primary user has the memoryless property. According to Burke's Theorem, the departure process of PT queue is a Poisson process with λ p , and numbers of packets in PT queue and in ST 1 are independent of the sequence of departure times at each time. That is, the packet arrival process of ST 1 is a Poisson process with λ p and the state of ST 1 is independent of PT queue. Hence, arrival processes of two queues at the ST are a Poisson process with λ p and a Bernoulli process with λ s , respectively.
As these two queues share one energy queue and one authorized spectrum and packets from PT have higher priority, they construct another preemptive resume queue system with two priority users. However, in this preemptive resume queue system, the arrival process and the service process of ST 1 is no longer independent with each other. This is because packets in ST 1 is from PT, and PT queue shares the spectrum with ST 1. Therefore, the performance of ST 1 and ST 2 cannot be calculated as in non-cooperation mode.
To study the performance of two queues in the ST, we are turning to Markov theory. First, we let Q(t) = [Q 1 (t), Q 2 (t)] denote queue lengths of ST 1 and ST 2 at the beginning of the t-th slot. Given Q(t), Q 1 (t + 1) and Q 2 (t + 1) are only related to the arrival process and the service process. The service process of Q(t) is determined by the spectrum state and the state of the energy queue. According to the analysis in Section III, the spectrum state, which manifests as the spectrum is occupied by the primary user or not, in each slot is independent. In addition, from the analysis of the energy VOLUME 6, 2018 harvesting and consuming process, the state of the energy queue also has the memoryless property. Hence, the service of Q(t) is not affected by the history information of the system. Meanwhile, it has been discussed that arrival processes of ST 1 and ST 2 also have the memoryless property. Therefore, the Markov property holds, and Q(t) can be modeled by a two-dimensional discrete time Markov chain (DTMC). Before solving the two-dimensional DTMC, we study the property of the proposed DTMC. Referring to [25] , it can be found that the proposed Markov chain is a homogeneous, irreducible, and aperiodic DTMC. Hence, the state transition of the DTMC is timeless, and Q(t) can be simplified as Q = [Q 1 , Q 2 ]. The state (i, j) of the DTMC means Q 1 = i and Q 2 = j.
The one-step transition matrix of Q is defined as q = {q (k,l) (i,j) }, where q (k,l) (i,j) is the probability of the transition from the state (i, j) to state (k, l). According to [26] , if a Markov chain is a homogeneous, irreducible, and aperiodic DTMC, then there is one and only one steady-state solution which can be obtained by solving balance equations. The proposed two-dimensional Markov chain is a homogeneous, irreducible, and aperiodic DTMC, thus there is only one stationary distribution of Q, which satisfies the following equations
where e is the unit vector and π is the stationary probability of Q. The i-th element of π is Pr(Q 1 = i 1 , Q 2 = i 2 ). Equation (18) indicates that π can be obtained through deriving matrix q and solving linear equations in (18) . As ST 1 has higher priority, ST 2 cannot have service chance when ST 1 is not empty. Hence, we divide the derivation of q into two cases: Q 1 = 0 and Q 1 = 0.
Case A: Q 1 = 0 Without loss of generality, we assume that the queue system is in state (0, j). Through analyzing transitions among state (0, j) and other states, the transmission probabilities of this case can be derived. As the buffer storing PT's packets is empty at the current slot and PT can only transmit one packet during a slot, Q 1 can be 0 or 1 in the next slot. Similarly, Q 2 may be j + 1, j, or j − 1 in the next slot. However, when PT serves packets, ST cannot transmit. That is, Q 1 = 1 and Q 2 = j − 1 in the next slot is impossible. Thus, the state at the next slot may be (0, j−1), (0, j), (0, j+1), (1, j) or (1, j + 1). Similarly, except (1, j + 1), transitions from these states and state (1, j − 1) to state (0, j) are also possible. Therefore, transitions among state (0, j) and other states are shown in Fig. 4 .
The calculation of the probability of the transition from other states to state (0, j) is similar to the transition probability of the state (0, j) to other states. From Fig. 4 , it can be found that the transition probabilities of this case can be obtained At the current slot, the queue state is (0, j), if the buffer of PT is empty, ST 2 will have service chance; otherwise PT will occupy the spectrum and transmit packets to ST. Hence, we will study two possible situations respectively. First, we consider PT has packets. According to the above analysis, the probability that the buffer of PT is nonempty is ρ PTc = λ p /β ps . When PT has packets, if the packet transmission of PT fails, the length of ST 1 will be still 0, otherwise the length of ST 1 will become 1. The probability that the packet transmission of PT is successful is β ps . Since PT occupies the spectrum, ST cannot serve packets. Hence, if ST generates a packet, the state of ST 2 will change to j + 1, otherwise it will be still j. If the buffer of PT is empty, ST 1 can be only one state 0, and ST will serve packets in ST 2.
A successful packet transmission from ST to SR should satisfy two conditions: one is the received SNR is larger than the received threshold, and the other is ST has enough energy. Based on the analysis of energy state at ST in Section III, the probability P ec that the battery of the sensor is nonempty in cooperation mode can be calculated similarly. Then, the successful probability of packet transmission from ST to SR can be expressed as α s = P ec Pr(γ ss > γ s ) = P ec exp(−γ s /γ ss ).
According to above analysis, there are three possible situations result in the next state being (0, j). These three situations are: PT does not have packets, ST generates a packet and transmits a packet to PR successfully; PT does not have packet, ST does not generate new packets, and the packet transmission from ST to SR fails; PT has packets, the packet transmission from PT to ST fails, and ST does not generate new packets. The probabilities of these three situations are
, and ρ PTc (1 − λ s )(1 − β ps ), respectively. Hence, the transition probability from state (0, j) to state (0, j) can be calculated as
There is only one situation makes the state at the next slot is (0, j − 1). The situation is that the buffer of PT is empty and ST does not generate new packets and successfully transmits a packet to SR. Thus the transition probability from state (0, j)
From state (0, j) to state (0, j + 1), there are two possible situations: one is that the buffer of PT is empty, ST does not generate new packets, and the packet transmission of ST is unsuccessful; the other is that PT has packets, the packet transmission of PT fails, and ST generates a new packet. Considering these two situations, the transition probability from state (0, j) to state (0, j − 1) is derived as
At the next slot, ST 1 = 1 means that PT has packets and transmits a packet to ST successfully. If ST generates a new packets, the state at the next slot will be (1, j + 1), otherwise, the state will be (1, j) . Hence, the transition probabilities from state (0, j) to state (1, j) and state (1, j + 1) are
and
respectively. So far, the transition probabilities from state (0, j) to other states are derived. Similarly, probabilities of other transitions related with state (0, j) can be calculated similarly.
Case B: Q 1 = 0 When Q 1 = 0, ST 2 cannot get service chance. Hence, if Q 2 is j at the current slot, it can only be j or j + 1 at the next slot. Similar to the analysis of Case A, if Q 1 = i at the current slot, the queue length of ST 1 could be i − 1, i, or i + 1, which is determined by the state of the buffer at PT, channel quality of PT-ST pair and ST-SR pair. Take state (i, j) as an example, we demonstrate the derivation of transition probabilities in this case, and transitions among state (i, j) and other states are shown in Fig. 5 . First, we consider the situation that the queue state of ST 1 is unchanged. If the buffer of PT is empty and the packet transmission from ST to PR fails, the queue length of ST 1 will remain unchanged. Besides, when PT has packets and sends a packet to ST unsuccessfully, ST 1 keeps in the same state. As the length of ST 1 is larger than 0, the length of ST 2 remains the same when ST does not generate a packet while changes into the other value if ST generates a packet. Therefore, the transition probabilities from state (i, j) to state (i, j) and to state (i, j + 1) are
respectively, where α p is the successful probability of the packet transmission from ST to PR. Similar to α s , α p can be calculated as α p = P ec exp(−γ s /γ sp ). If ST receives a packet from PT successfully, the length of Q 1 will change into i + 1. A successful packet transmission from PT to ST indicates that PT has packets and the received SNR of ST is larger than the received threshold. The corresponding probability is (1 − ρ PTc )β ps . The probabilities of transitions from state (i, j) to state (i + 1, j) and to state (i + 1, j + 1) can be expressed as
respectively. Similarly, the packet transmission from ST to PR is successful, the length of Q 1 will become i−1. This is because ST sends packets to PR only when the buffer of PT is empty, and then there is no new packet arrives in ST 1. Thus, the probability that the length of Q 1 changes from i to i−1 is (1−ρ PTc )α p . Then, the probabilities that the state (i, j) transits to state (i − 1, j) and state (i − 1, j + 1) are derived as
respectively. By using (24)- (29), other transition probabilities can be calculated similarly. By combining the results in two cases, we obtain the transition matrix q. Substituting q into (18), the stationary probability π of Q is obtained by solving the linear equations. Based on π = {· · · , Pr(Q = [i, j]), · · · }, the stationary probability of the queue length of each subqueue at ST is calculated as
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• Based on the probability theory, the average queue length of ST 1 and ST 2 equal to
(31)
• According to Little's theorem, the average delay of packets in ST 1 and ST 2 can be calculated as
where E[X ST 1 ] and E[X ST 2 ] are average packet service times of ST 1 and ST 2, respectively, which can be calculated as
From the above analysis, it can be found that the size of the transition matrix is infinite. That is, the Matrix Solution Method, such as Gaussian Elimination, cannot be used and the numerical solution of π cannot be obtained. Hence, we assume that buffers of both ST 1 and ST 2 are finite and sizes of two buffers are B 1 and B 2 , respectively. Then, applying Direct method or some typical Iterative methods, such as Power method and Jacobi's method, we can get the numerical solution of π.
As proved in [27] , under a stable situation, the assumption of no packets are dropped due to buffer overflow is acceptable. Hence, the error caused by the assumption of finite buffer size can be ignored. Furthermore, the buffer of the sensor is finite in practice. During calculating, if B 1 and B 2 choose small values, the numerical result may not be accurate. Meanwhile, larger B 1 and B 2 result in higher computation complexity, which requires that the device has strong computing capability. Hence, B 1 and B 2 should make a tradeoff between accuracy and computation complexity.
Combining the analysis of PT queue and ST 1, the delay performance of the primary user can be calculated as
V. NUMERICAL RESULTS
In this section, we will verify the analysis and study the queue performance of the system through simulation. Through comparing the results under different parameter sets, we find the relation between the queue performance and system parameters and the situation in which the cooperation can achieve better performance than the non-cooperation. During simulations, the received thresholds of PR, ST, and SR are 10dB. In figures, ''Cooperation'' and ''NonCooperation'' represent the system employing the cooperation between the primary user and the sensor or not, respectively. First, we observe the queue performance of the primary user and the WSN when p e = 1. This is a special case where the sensor always has enough energy, and the influence of the energy harvesting is In the simulation, the average SNR between PT and PR equals to the average SNR between ST and SR, which is 10dB, whileγ sp =γ ps = 25dB. From Fig. 6 , it can be found that the average queue length increases with increasing packet arrival rate of the primary user, especially the average queue length of the sensor in the system without cooperation. This result is consistent with the analysis in Sections III and IV. According to the above analysis, both N PT −N in (3) and N ST −N in (10) are proportional to λ p . Furthermore, as the sensor works as a secondary user, from the point of view of the sensor, the traffic load increases faster than that of the primary user when the packet arrival rate of the primary user increases. Hence, the average queue length of the sensor increases significantly, especially when the cooperation is not adopted. Fig. 7 illustrates the average packet delay of the sensor increases significantly while the increasing of the primary user's packet delay is not so apparent. As the same reason, the packet delay of the sensor in non-cooperation mode has the largest increasing rate. Moreover, the gap between the average delay in cooperation mode and non-cooperation is clearly expanding.
As shown in Figs. 6-7, in this situation, the performance of both the sensor and the primary user in cooperation mode is better than in non-cooperation mode. Hence, if the quality of the channel between the sensor and the primary user is better than the channel between the primary users, the cooperation should be adopted, especially when the packet arrival rate of the primary user is larger.
Then, we observe the influence of energy harvesting rate on the queue performance. The average queue length and the average packet delay are given in Figs. 8 and 9 , respectively. The packet arrival rate of the primary user is 0.1 packets/slot while the energy harvesting parameter p e changes from 0.1 to 0.5. With the increasing of p e , the performance of the system is improved. From Fig. 8 , it can be found that average queue lengths of three queues in the sensor decrease with the increasing p e , especially the average queue length of the sensor in cooperation mode, which is denoted by ST2. Sub-figures in Fig. 8 show that p e = 0.4 is a key value. When p e < 0.4, the queue length of the sensor in non-cooperation mode is smaller than in cooperation mode. However, the result of p e ≥ 0.4 is just the opposite.
The result in 8 indicates that the delay performance of the system with the cooperation can be improved through increasing the energy harvesting rate. When p e ≥ 4, the delay performance of the primary user in cooperation mode is slightly less than in non-cooperation mode. Hence, through increasing energy harvesting rate (p e ), the delay performance of the primary user in cooperation mode can be improved, which may be even better than in non-cooperation mode. By integrating results in Figs. 8-9 , we find that the queue performance of the system can be improved through increasing energy harvesting rate (p e ) when the energy harvesting rate is smaller than a certain value. If p e reaches a certain value, the performance will be not influenced by p e .
At last, we study the queue performance of system varies with the average SNR of channels between the sensor and the primary user under different p e and γ p p. During simulations, we set λ p , λ s , andγ ss as 0.1, 0.2, and 15dB, respectively. The results are shown in Figs. 10-17 . In Figs. 10-17 , the x-axis is the average SNR between the sensor and the primary user. That is,γ sp andγ ps .
Whenγ pp = 10dB, we first compare the average queue length of the system with p e = 0.4 and p e = 0.6, which are given in Figs. 10-11. As the result in Fig. 8, under the same channel quality, the energy harvesting energy can effectively improve the system performance, especially in cooperation mode. Beyond that, there is the same tendency of the average queue length with the increasing average SNR. As the primary user has higher priority, the average queue length of the queue in the primary user is little changed, which can be negligible. The average queue length of the queue in the sensor decreases with increasing average SNR, and the deceasing rate of ST2 is largest, when the average SNR is less than or equal to 15dB. If the average SNR is larger than 15dB, the performance is little changed and the sensor in cooperation mode achieves better queue performance.
The delay performance in Figs. 12 and 13 illustrates that the packet delay in cooperation mode decreases with increasing SNR while the packet delay in non-cooperation mode is constant. Under the condition p e = 0.4, the delay of the primary user in cooperation mode is smaller than the delay in non-cooperation mode when the average SNR is larger than 17dB. The same phenomenon occurs in the situation with p e = 0.6. Hence, the energy harvesting rate affects the absolute value of the packet delay while the average SNR influences the relative relation of the delay of the user working in different modes.
When the average SNR between PT and PR is 15dB, the queue performance of the system with different energy harvesting rates are given in Figs. 14-17. With the increasing of the average SNR between the sensor and the primary user, the queue performance is improved. However, neither of two users in cooperation mode can achieve the better performance than in non-cooperation mode. Furthermore, the sensor in cooperation mode has the worst performance, especially when the average SNR is smaller than 17dB. Whenγ ps andγ sp have smaller value, the packet transmission between the primary user and the sensor has lower successful probability, which results in less transmission chance of the sensor. Besides, the energy harvesting rate is small in this situation, thus the available energy of the sensor is limited. This limited energy and less transmission chance are used to relay packets of the primary user, thus packets of the sensor cannot be served timely. Comparing results in Figs. 10-15 , there is an interesting phenomenon. No matter what the energy harvesting rate and the channel quality of the primary user, the queue performance of the system has little change afterγ ps andγ sp are up to 17dB.
Comparing the result of the situation with p e = 0.4, the performance of the system with cooperation is improved when the energy harvesting rate p e is 0.6, and the tendency of the queue performance varying with the average SNR between the sensor and the primary user is similar. However, the queue performance of both the sensor and the primary user in cooperation mode is worse than in non-cooperation mode, even when the channel quality between the sensor and the primary user is better than the channel quality between PT and PR. In other words, the cooperation cannot improve the performance of the sensor in this situation. Hence, results in Figs. 14-17 indicate that the cooperation should not be adopted when the channel quality of primary user is not bad, such as the average received SNR is 15 dB, even if the energy is not a limitation.
VI. CONCLUSION
In this paper, we analyze the queue performance of the system consisting of an ENCRSN and primary users. The average queue length and average delay are derived. Through comparing the performance in cooperation mode and in noncooperation mode, we obtain the effect of system parameters on the queue performance and the condition under which the cooperation achieves better performance. Numerical results verify our analysis and indicate that energy harvesting rate and the channel condition between the sensor and primary user are two key influences. Furthermore, the influence of the primary user's packet arrival rate on the sensors is greater than on the primary user. These results are useful to design the quality of service of the EHCRSN.
